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Abstract—In this paper, we consider the co-channel interfer-
ence mitigation capability of ﬁxed relay aided wireless systems,
where the relays are linked to the base station using realistic
imperfect optical ﬁbre. Three interference mitigation techniques
are investigated, namely an appealing reduced-power transmis-
sion technique, the classic eigen-beamforming arrangement and
their hybrid. The cellular model of Shamai and Wyner is used
in conjunction with Fractional Frequency Reuse (FFR) and
the tradeoffs between the cell-edge throughput and cell-centre
throughput are characterised for the three interference mitigation
techniques employed. Our simulation results demonstrate that the
combination of the reduced-power transmission and the eigen-
beamforming technique is capable of improving the achievable
throughput for the MSs roaming close to the cell-edge without
sacriﬁsing the throughput of the cell-centre MSs.
I. INTRODUCTION
Wireless systems are capable of operating without parti-
tioning the total bandwidth into cell-speciﬁc frequency sets,
although this so-called ’unity frequency-reuse pattern’ is typi-
cally achieved at the cost of an increased co-channel interfer-
ence level. This interference-limited wireless access system
often becomes incapable of supporting a sufﬁciently high
throughput especially at the cell-edge. Hence, a different form
of frequency reuse has been adopted [1], which rely on the
so-called Fractional Frequency Reuse (FFR). According to the
FFR philosophy, the users near the cell-center occupy the total
bandwidth, while the cell-edge users are allowed access to only
a third of the total bandwidth, in order to allow the creation
of three non-interfering frequency sets. More explicitly, the
frequency sets of the cell-edge users in the adjacent cells are
arranged to be orthogonal in order to improve their Signal to
Interference plus Noise Ratio (SINR).
Moreover, wireless relays may be employed in the cell in
order to improve the achievable throughput [2], which would
otherwise remain low, as a result of the pathloss between the
Base Station (BS) and the cell-edge Mobile Station (MS).
As a beneﬁcial effect of the relay, an enhanced cell-edge
SINR is achieved. Despite the numerous beneﬁts of wireless
relays, the capacity of a wireless relay aided system is limited
by that of the ’weakest’ link in the entire communication
chain [3]. On the other hand, it is widely recognized that
the capacity of optical ﬁbre links is higher than that of the
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wireless medium. Therefore, the Radio over Fibre (RoF) [4]
technique is eminently applicable to construct the BS to relay
link and the capacity of the resultant RoF based relay system
is essentially only limited by the ’last-mile’ wireless link.
By using the optical ﬁbre for the BS to relay link, the
relay is typically closer to the cell-edge MS, hence providing
an improved signal quality. Naturally, relaying is capable of
reducing the pathloss owing to the reduced distance from
the relay to the MS, but it will consequently increase the
interference imposed on the adjacent cell’s MSs roaming near
the cell-center, which may use the same frequency as the
current cell’s cell-edge MS in a typical FFR arrangement.
Against this background, in this paper, we investigate three
different interference mitigation techniques designed for a
realistically modelled optical ﬁbre based relay aided system
in the context of the Shamai-Wyner interference model [5],
where we are aim for improving the attainable throughput of
the cell-edge MS, while minimising the interference imposed
on the adjacent cell’s MS roaming near the cell-center.
The remainder of this paper is organised as follows. In
Section II, we introduce the Shamai-Wyner interference model
and discuss three interference mitigation techniques employed
in our optical ﬁbre based relay aided system and present
our link level results for a range of modulation and coding
schemes. This is followed by our performance evaluation in
Section III and we conclude our discourse in Section IV.
II. OPTICAL FIBRE BASED FIXED RELAY AIDED SYSTEM
A. Shamai-Wyner Interference Model
Let us investigate an optical ﬁbre based ﬁxed relay aided
system using the Shamai-Wyner interference model of [5] seen
in Fig. 1, which illustrates two partially overlapping circular
cells having a radius of R, each of which consists of three
120◦ sectors, where the distance between the BS O1 and BS
O2 is O1O2 =
√
3R, which is 3 km in urban macro scenario.
We assume that the serving cell is O1 and a cell-edge MS
is placed at position ’a’ of Fig. 1 with the polar coordinates
denoted by (θa,L a)=( 0 ,
√
3R/2), while the adjacent cell’s
near cell-center MS is placed at position ’c’ of Fig. 1 having
the polar coordinates of (θc,L c)=( −π,R/2). For the sake of
improving the throughput of the cell-edge MS ’a’, the relay
is placed at position ’g’ described by the polar coordinates
(θ,L). Hence, the distances from the relay ’g’ to both MSs
m a yb ee x p r e s s e da sDa =( L2 + L2
a − 2LLa cosθ)1/2 and
Dc =( L2 + L2
c − 2LLc cosθ)1/2, respectively.
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Fig. 1. Wyner interference model of two cells with radius R and FFR
arrangement.
Having described the associated geometric properties, let
us now characterize the interference generated in this system
model. Let us assume that the above-mentioned FFR regime
is employed in the system, where the cell-center users of both
cells have access to the entire spectral resources F, while
the cell-edge users have access to only a third of the total
bandwidth and are mutually orthogonal, hence we have Fa ∩
Fc = ∅. For the cell-edge MS ’a’, relay aided transmission is
required, where the link from BS O1 to the relay is constituted
by an imperfect optical ﬁbre, while the last-mile connection
relies on wireless access. On the other hand, for the cell-
center MS ’c’, a direct wireless link dispensing with relaying
is established by the BS O2. Hence, the transmissions from
the relay to the cell-edge MS ’a’ impose interference upon the
cell-center MS ’c’, and similarly, the transmissions from the
BS O2 to its cell-center MS ’c’ also inﬂict interference upon
the cell-edge MS ’a’.
B. Received Signal Strength
We now describe the received SINR model of the link,
where the BS O1 transmits signal x via the realistic optical
ﬁbre aided relay ’g’ to the cell edge MS ’a’. The signal
received at the relay after passing through the ’lossy’ optical
ﬁbre may be written as
yg = Af(Apx + Ip)+nf. (1)
More explicitly, we have Af = exp(−αL/2) and nf ∼
CN(0,σ f), where the lossy optical ﬁbre’s attenuation coef-
ﬁcient is α and the complex-valued Additive White Gaussian
Noise (AWGN) is nf. When the wavelength of light is
λ =1 .55μm, a typical value for the attenuation coefﬁcient
is α =0 .2 dB/km [6]. Furthermore, the so-called pulse-
broadening effect of the optical ﬁbre is also taken into account,
where the pulse propagated over the ﬁbre is subject to both the
peak power reduction and the Inter-Pulse-Interference (IPI).
The peak power reduction is given by a factor of [7]:
Ap = T0/(T2
0 − iκ2L2)1/2, (2)
where T0 =1 0ps stands for the Half-Width-Half-Maximum
(HWHM) of the initial Gaussian signalling pulse, while κ =
20 ps2/km is a constant. The IPI is accumulated as a result
of the pulse broadening and is a function of the optical ﬁbre
length L, which may be modelled as a linear function of the
distance yielding Ip = γL.
This noise-contaminated channel-faded signal yg is nor-
malised by a power-scaling factor χ and then forwarded to the
destination, namely to the cell-edge MS through the wireless
channel, where the power-scaling factor χ is employed in order
to maintain a constant transmit power at the relay. The signal
received at the destination MS may be written as
ya = ψgahgaχyg + Ia + n, (3)
where ψga, hga, Ia and n ∼C N (0,σ 0) represent the large-
scale attenuation, small-scale fast Rayleigh fading, the co-
channel interference generated by cell O2 and the complex-
valued AWGN, respectively. Furthermore, the subscript (·)ij
denotes the channel spanning from point ’i’ to point ’j’. More
explicitly, we consider both the pathloss and the shadowing
component, which are given by ψga =( D
−μ
1 10ξs/10)1/2,
where μ =4denotes the power-decay factor and ξs is
generated by zero-mean real Gaussian random variable having
standard deviation of σs =8dB.
Let A = AfAp and Nf =( AfIp)2+2σ2
f denote the equiva-
lent optical ﬁbre attenuation factor and equivalent optical ﬁbre
noise variance, the SINR of MS ’a’ in cell O1 is given by:
γa =
(ψga|hga|χA)2
2σ2
0 +( ψga|hga|χ)2Nf +( ψO2a|hO2a|)2, (4)
where the second term and the third term in the denominator
represent the noise generated by the components in the lossy
optical ﬁbre and the co-channel interference generated by the
adjacent cell’s transmission. On the other hand, MS ’c’ near
the cell-center of O2 receives both the signal transmitted from
O2 via the wireless channel and the interference imposed by
the relay in cell O1. Hence, the SINR at the input of the
receiver of MS ’c’ in cell O2 is given by:
γc =
(ψO2c|hO2c|)2
2σ2
0 +( ψga|hga|χ)2Nf +( ψgc|hgc|χA)2, (5)
where the second term and the third term in the denominator
represent the noise generated by the components in the lossy
optical ﬁbre and the co-channel interference generated by the
transmissions of the relay.
Fig 2 shows the average SINR of both MS ’a’ and of MS
’c’ as a function of the relay position ’g’ described by the
distance ratio of ρ = L/R and angular rotation of θ =0and
IPI of the optical ﬁbre is ranging from γ =0 .2,0.5,0.7, where
the average was calculated for 1000 simulation runs when
assuming that the normalised optical ﬁbre link SNR is 10 dB
and the normalised wireless link SNR is 2 dB. It can be seen
that all SINR curves recorded for MS ’a’ are monotonically
increasing and saturate at high values of ρ,w h i l ea l lS I N R
curves plotted for MS ’c’ are monotonically decreasing. These
two distinct trends indicate the complementary characteristics
experienced by the two MSs, namely that increasing the SINR
for one of the MSs will inevitably impose an SINR degradation
on the other MS. When the accumulated IPI is increased, the
SINR of cell-edge MS ’a’ decreases dramatically while that
of the cell-center MS ’c’ is slightly reduced.0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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Fig. 2. SINR of both the cell-edge MS ’a’ and the cell-center MS ’c’ having
different amount of IPI.
C. Interference Mitigation Techniques
Intuitively, placing a relay close to the cell-edge will
improve its reception quality, while imposing increased in-
terference upon the neighbouring cell. Hence the natural
design methodology of a relay aided system is to improve
the throughput of the cell-edge MSs, while minimising the
throughput reduction inﬂicted upon the neighbouring cell
owing to the increased interference. We thus discuss three
different interference mitigation techniques, namely a beneﬁ-
cial reduced-power transmission technique, the classic eigen-
beamforming technique and a hybrid combination of them.
1) Reduced-power technique: This ’green’ reduced-power
technique refers to the arrangement, where the transmit power
of the relay is scaled down by the normalisation factor of
χ = β/(A2+Nf)1/2 with β ∈ (0,1]. The underlying principle
of this technique is that the interference imposed on MS ’c’
may be substantially reduced by the reduction of the relay’s
the transmission power. This technique becomes identical to
the classic direct-relaying, when we have β =1 .
2) Eigen-beamforming technique: In this paper, we stipu-
late the simplifying assumption that the instantaneous CSI is
perfectly known at the relay’s transmitter, which is a uniformly
spaced linear array of four antenna elements while the two
MSs are equipped with a single receive antenna. The well-
known eigen-beamforming technique [8] is considered, where
the transmit antenna weights are given by the eigenvector
v ∈C 4×1 corresponding to the largest eigenvalue of the spatial
channel’s covariance matrix in the Multiple Input Single
Output (MISO) system, namely Hga ∈C 1×4. As a result,
the equivalent fast fading channels become hga = Hgav and
hgc = Hgcv, respectively and hence the channel’s amplitude
|hga| is maximised, while |hgc| remains the same. The un-
derlying principle of this technique is that by transmitting in
the direction associated with the maximum equivalent channel
gain of |hga|, the received SINR of the cell-edge MS ’a’
is improved at a given transmit power, while the co-channel
interference imposed on MS ’c’ remains unchanged.
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Fig. 3. SINR of both the cell-edge MS ’a’ and the cell-center MS ’c’
employing different interference mitigation techniques and assuming no IPI
of the optical ﬁbre, i.e. γ =0 .
3) Hybrid technique: We may combine the beneﬁts of
the above two techniques, leading to a hybrid technique.
Speciﬁcally, the co-channel interference imposed on MS ’c’
may be mitigated by the reduced-power solution, while the
resultant degraded SINR at the cell-edge MS ’a’ imposed by
the reduced-power transmission may be compensated by the
eigen-beamforming gain of our directional technique, because
it enhances the SINR of the cell-edge MS ’a’, while at the
same time maintaining a reduced co-channel interference.
Fig 3 shows the average SINR of both MS ’a’ and of MS
’c’ as a function of the position of relay ’g’ described by the
distance ratio of ρ = L/R and angular rotation of θ =0
and assuming no IPI of the optical ﬁbre, i.e. γ =0 , where
the average was calculated for 1000 simulation runs when
assuming that the normalised optical ﬁbre link SNR is 10
dB and the normalised wireless link SNR is 2 dB. When
comparing the three interference mitigation techniques with
respect to the classic benchmarker curves represented by the
solid lines of Fig 3, it is clearly seen that employing the eigen-
beamforming technique represented by the dash lines of Fig 3
improves the SINR of the cell-edge MS ’a’, while maintaining
the SINR of the cell-center MS ’c’. By contrast, employing the
reduced-power technique represented by the dash-dot lines of
Fig 3, when transmitting at a quarter of the full power, namely
using β =1 /2, substantially improves the SINR of the cell-
center MS ’c’ by sacriﬁcing the SINR of the cell-edge MS ’a’.
By amalgamating the beneﬁts of both techniques, the hybrid
solution represented by dotted lines of Fig 3 leads to both a
beneﬁcial SINR improvement for MS ’c’ and to a noticeable
SINR improvement for the cell-edge MS ’a’.
D. System Throughput
Although different interference mitigation techniques re-
sult in different SINR characteristics with respect to the
relay’s position, the ultimate system performance metric is
the achievable throughput. This is because an increased SINRdoes not necessarily lead to an increased throughput in the
absence of adaptive transceivers, hence transmitting at a power
higher than absolutely necessary for achieving the required
throughput is irrational. The throughput of the system may be
deﬁned as the maximum successfully transmitted information
rate, which is referred to as the system’s goodput, given by:
η(γ)=RMRC[1 − Pb
bl(γ)], (6)
where RM and RC denote the rate of the modulation scheme
and channel code, respectively, while Pb
bl represents the BLock
Error Rate (BLER) corresponding to the particular Modulation
and Coding Scheme (MCS) employed. In this paper, we
assume that Bit Interleaved Coded Modulation (BICM) [9] is
employed, which relies on the M-ary Quadrature Amplitude
Modulation (QAM) [10], where we have M =2 b and b =
2,4,6 represents the number of bits per QAM symbol, namely
the rate RM = b.
Let us now highlight the derivation of the BLER Pb
bl of a
BICM scheme based on the BLER P0
bl of a binary channel
code as a function of the received SINR γ in AWGN channel.
The BLER P0
bl is a monotonic function of the input SINR
experienced by the particular binary channel code employed,
which may be referred to as the equivalent SINR γ0.T h e
equivalent SINR γ0 is also a monotonic function of the
mutual information per binary bit I0. When M-ary QAM
is considered, I0 may be expressed as in Eq (7) [9], where
w ∼C N (0,1/2γ) is the zero-mean complex Gaussian noise
and u ∈Arepresents the constellation points in the QAM
alphabet A.F o rb =1 , the equivalent SINR γ0 may be
expressed as γ0 = I
−1
0 [1,I 0(b,γ)]. Hence, the ﬁnal BLER
of a BICM scheme Pb
bl may be written as:
Pb
bl(γ)=P0
bl
 
I
−1
0 [1,I 0(b,γ)]
 
, (8)
Again, we employ M-ary QAM modulation combined with
Rate Compatible Punctured Turbo Codes (RCPTC) [11] hav-
ing six selected MCSs, namely Mode 1,...,6 of [RM,R C]=
[(2,1/2),(2,3/4),(4,1/2),(4,3/4),(6,2/3),(6,6/7)]. Then
the associated throughput in terms of ’bits/s/Hz’ may be
obtained by assuming a Nyquist roll-off factor of zero and
P0
bl is obtained by Monte Carlo simulation of the RCPTC of
rate RC =[ 1 /2,3/4,2/3,6/7] employing BPSK modulation
in AWGN channel. Due to space limitation, the detailed link-
level simulation results are not shown here.
III. PERFORMANCE EVALUATION
The throughput calculation introduced in Section II-D facil-
itates the analysis of the throughput of different interference
mitigation schemes as a function of the relay position ratio ρ
and θ =0 . We ﬁrstly assume that no IPI is observed, namely
we have γ =0and we further assume that the normalised
optical ﬁbre link SNR is 10 dB and the normalised wireless
link SNR is 2 dB. The corresponding throughput tradeoff is
illustrated in Fig 4, where the SINR γ averaged over 1000
simulation runs was substituted into Eq (8) and Eq (6).
A. Throughput of various interference mitigation techniques
The corresponding throughput tradeoff is observed for all
plots of Fig 4, where increasing the throughput of one of the
MSs results in the throughput reduction of the other. For the
classic scheme, the throughput of MS ’c’ drops from η =2 .7
bits/s/Hz to η =0bits/s/Hz, as the ratio ρ increases along
the x-axis, while the throughput of MS ’a’ increases from
η =0bits/s/Hz to η =2bits/s/Hz, attaining the maximum
throughput at the position ratio of ρ =0 .5.
1) Eigen-beamforming technique: Since the eigen-
beamforming technique is capable of increasing the SINR
at MS ’a’, when compared to the classic technique as
seen in Fig 3, we may observe a throughput improvement
when the position ratio ρ is low and hence the maximum
throughput of η =2bits/s/Hz is achieved, when the relay is
positioned at the position ratio of ρ =0 .27 as seen in the
second plot of Fig 4. However, since the total transmission
power remains unchanged for this technique, the co-channel
interference remains the same as for the classic technique
and the throughput of MS ’c’ also remains the same.
2) Reduced-power technique: When comparing the
reduced-power technique to the classic technique, we may
expect a right shift of the throughput curves of both MS
’a’ and of MS ’c’, simply because the transmission power
is reduced to one fourth of the full power, namely we have
β =1 /2. It can be seen in the third plot of Fig 4 that the
maximum achievable throughput of the cell-center MS ’c’
becomes η =3bits/s/Hz and is kept constant, when the
position ratio is in the range of ρ ≤ 0.4. The throughput
is then gradually reduced to η =1bits/s/Hz, when ρ is
increased. This substantial improvement of the cell-center
throughput compared to the classic technique is achieved at
the cost of a reduced cell-edge throughput for MS ’a’, which
attains a maximum of η =2bits/s/Hz at ρ =0 .6.
3) Hybrid technique: When combining the beneﬁts of the
above two techniques, the throughput of the cell-center MS
’c’ is substantially increased, similarly to the reduced-power
technique, while the throughput of the cell-edge MS ’a’ is
maintained, as in the case of the classic technique. This is
because the throughput reduction of the cell-edge MS ’a’
imposed by the reduced-power technique is compensated by
the eigen-beamforming gain, which does not impose additional
co-channel interference. Hence the hybrid technique is capable
of improving the throughput of the cell-edge MS upto its
maximum of η =2bits/s/Hz, while at the same time
maintaining the maximum attainable throughput of the cell-
center MS of η ≈ 3 bits/s/Hz in the fourth plot of Fig 4 at the
position ratio of ρ =0 .45. This justiﬁes the superiority of the
hybrid technique compared to the other techniques.
B. Effects of IPI
When the IPI is taken into account and we have γ =0 .2,
the throughput of cell-edge MS ’a’ is shown in the ﬁrst plot
of Fig 5, which obeys similar trends to the no IPI scenario
shown in the fourth plot of Fig 4. However, when γ =0 .5
is considered, as shown in the second plot of Fig 5, the cell-
edge MS ’a’ employing the hybrid technique suffers from a
dramatic throughput reduction compared to the fourth plot of
Fig 4. The reduction of the cell-edge throughput is imposed
by the SINR reduction, when IPI is encountered as shown in0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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Fig. 4. Throughput of different interference mitigation techniques compared
to the class technique as a function of the position ratio ρ and assuming no
IPI of the optical ﬁbre, i.e. γ =0 .
Fig 2. Hence, we may conclude that as long as the IPI is not
severe, e.g. γ<0.2, the hybrid technique remains effective.
IV. CONCLUSIONS
In this paper, we considered the SINR as well as throughput
tradeoffs between supporting a cell-center MS and a cell-
edge MS using a lossy optical ﬁbre based ﬁxed relay aided
and FFR assisted interference limited wireless system, where
the Shamai-Wyner cellular model was employed and three
interference mitigation techniques were investigated. Our sim-
ulation results demonstrated that the reduced-power technique
and the eigen-beamforming arrangement are only capable of
improving either the throughput of the cell-center MS or
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0
2
4
6
ρ = L/R
t
h
r
o
u
g
h
p
u
t
 
(
b
/
s
/
H
z
)
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0
1
2
3
4
ρ = L/R
t
h
r
o
u
g
h
p
u
t
 
(
b
/
s
/
H
z
)
γ = 0.5
γ = 0.2
sum rate
sum rate
cell 2 c
cell 2 c
cell 1 a
cell 1 a
Fig. 5. Throughput of the hybrid technique as a function of the position ratio
ρ and assuming the presence of IPI of the optical ﬁbre, i.e. γ =0 .2,0.5.
of the cell-edge MS, while the hybrid technique is capable
of maximising the throughout of the cell-edge MS without
imposing any throughput reduction on the cell-center MS.
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